background: Human embryonic stem cells (hESCs) are interesting models for the study of epigenetic mechanisms. Epigenetic stability in hESCs is critical to ensure the quality and safety of these cells in regenerative medicine. One of the first measurable epigenetic phenomena is X chromosome inactivation (XCI).
Introduction
Human embryonic stem cells (hESCs) are derived from discarded embryos donated by in-vitro fertilization laboratories (Thomson et al., 1998; Cowan et al., 2004; Oh et al., 2005; Peura et al., 2007) . These pluripotent cells can be maintained in culture in a selfrenewing state (Thomson et al., 1998; Oh et al., 2005; Peura et al., 2007) and can be induced to differentiate into all three embryonic germ layers (Keller, 2005; Spagnoli and Hemmati-Brivanlou, 2006 ). Due to their potential application in regenerative medicine, hESCs have attracted tremendous interest (Hentze et al., 2007; Zeng and Rao, 2007) .
However, the current standards for working with clinical grade hESCs are far from ideal. In order to safely use hESCs in cell replacement therapy, the genetic and epigenetic status of these cells should be stable. It has been well known that genetic changes associated with neoplasia and epigenetic instability can affect cellular behavior and fate (Allegrucci et al., 2005; Baker et al., 2007) . Epigenetic changes in hESCs may have profound implications for therapeutic application (Allegrucci et al., 2004) . For example, maintenance of methylation patterns of imprinted genes is important for parentalspecific inheritance of some genetic disorders, such as Prader-Willi/ Angelman syndrome (PWS/AS) (Kantor et al., 2004) . Thus, examination of genetic and epigenetic stability in hESCs is crucial to ensure the function and safety of these cells in regenerative medicine.
X chromosome inactivation (XCI) is a principal example of epigenetic gene regulation. XCI, a phenomenon that occurs in all the somatic cells of female mammals, results in the transcriptional inactivation of one of the X chromosomes during early embryonic development (Chow et al., 2005) . The XCI process equalizes the effective gene dosage of X-linked genes between females (XX) and males (XY). During early female embryogenesis, the choice of which X (maternal or paternal) to be inactivated is thought to be a random process and then the choice can be stably inherited (Lyon, 1961) .
A deviation from equal (50:50) inactivation of each parental allele is known as non-random or skewing, which is being arbitrarily defined as the observation of inactivation of the same allele in 75 or 80% of cells (Kubota et al., 1999; Minks et al., 2008) . The appropriate initiation and maintenance of XCI is very important for embryogenesis and cell physiology (Tomkins et al., 2002) . Because XCI is one of the first measurable epigenetic changes that occurs in early mammalian embryos and coincides with the differentiation of hESCs into the three germ layers (Monk and Harper, 1979) , researchers have focused on the characterization of XCI in hESCs as an excellent tool to investigate epigenetic patterns in these cells (Shen et al., 2008; Silva et al., 2008) .
Although previous studies with mouse and human ESCs have elucidated temporal, biochemical and molecular aspects of XCI (Chaumeil et al., 2002) , the XCI status in hESCs during propagation and differentiation is still unclear. Distinct patterns of XCI in various female hESC lines have been previously reported (Hoffman et al., 2005) . In addition, it has been reported that in some cell lines, one of the two X chromosomes appears to be inactive after differentiation whereas other cell lines have two active X chromosomes (Sperger et al., 2003; Dhara and Benvenisty, 2004; Enver et al., 2005) . To date, the research on XCI in hESCs is relatively limited, and the data available for XCI are diverse. In the present study, we use methylation-specific PCR (MS-PCR) of the human androgen receptor (HUMARA) gene to analyze the XCI pattern at different passages as well as after differentiation in five diploid (including one translocation line) and one triploid hESC lines that were established in our laboratory (Sun et al., 2008) . Our data suggest that further epigenetic analysis on hESCs is necessary to clarify the diversity of results in these cells.
Materials and Methods

Maintenance and characterization of hESC lines
This research was approved by the Ethics Committee of Guangzhou Medical College. Culturing of hESC lines was conducted as previously described (Sun et al., 2008) . Briefly, undifferentiated cells were grown on gelatin-coated murine embryonic fibroblast (MEF) feeder layers in knockout-Dulbecco's modified Eagle's medium (Gibco Invitrogen Corporation, Paisley, Scotland) supplemented with 15% serum replacement (Gibco), 5% defined fetal bovine serum (Hyclone, Logan, UT, USA), 2 mM glutamine, 0.1 mM b-mercaptolethanol, 0.1 mM non-essential amino acids, 100 units/ml penicillin, 100 mg/ml streptomycin and 4 ng/ ml basic fibroblast growth factor (bFGF; Invitrogen, Paisley, Scotland). All the cells were passaged by treatment with 1 mg/ml collagenase IV (Invitrogen) for 20-25 min at 378C. To form embryoid bodies (EBs), hESC colonies were suspended in bacterial culture plates to allow aggregation and prevent adherence to the plate. After culture for 7 days, the EBs were transferred to 0.1% gelatin-coated culture dishes for spontaneous differentiation. The EB culture medium was hESC culture medium lacking bFGF. Characterization of hESCs was conducted as our previously described (Sun et al., 2008) .
In the present study, we focused on the characterization of XCI pattern and epigenetic status in four well-established female hESC lines (Sun et al., 2008) and two newly derived female hESC lines (FY-hES-10, -11) (Liu et al., unpublished data).
Analysis of the HUMARA gene
Genomic DNA was extracted from the female hESCs according to the manufacturer's instructions using a Qiagen DNeasy Tissue Kit (Qiagen, Hilden, Germany). Extracted DNA was amplified under the following conditions: polymerase activation at 958C for 12 min, followed by 32 cycles of 30 s at 948C, 30 s at 658C, 30 s at 728C and extension for 7 min at 728C (Kubota et al., 1999) . A Genetic Analyzer 3100 was used for fragment analysis and the data were further analyzed using Genescan 3.1 and Genotyper 2.0 software (Applied Biosystems, CA, USA). The primer sequences are listed in Supplementary Table S1 .
XCI status
The HUMARA gene contains a highly polymorphic trinucleotide repeat in the first exon. The methylation of HpaII and HhaI sites ,100 bp away from this polymorphic short tandem repeat (STR) have been found to correlate with X inactivation. Undifferentiated female hESCs from different passages, along with differentiated EBs from days 3, 7 and 20 were used to analyze the XCI pattern. Genomic DNA was extracted from these cells and bisulfite treated using the EpiTect Bisulfite Kit (Qiagen). Two sets of PCR were prepared: one for the methylated X allele and the other for the unmethylated allele (Supplementary Table S1 and Supplementary Figure S1 ). Amplification was performed as previously described (Kubota et al., 1999) . Bisulfite-converted normal female and normal male human blood DNA was used as controls. Sample tubes were loaded into a Genetic Analyzer 3100 for fragment analysis. The size of PCR products of the HUMARA gene was between 177 and 221 bp.
Quantitative real-time PCR
In order to quantify the expression level of the XIST gene, total RNA was extracted from the cells and reverse-transcribed. Real-time PCR was performed with a water blank as a negative control and female fibroblasts cells (derived from amniotic fluid) were used as the calibrator. Each sample was analyzed in triplicate within one experiment with GAPDH as an internal control. The final PCR reaction volume of 20 ml contained 10 ml SYBR Green Premix Ex Taq, 0.4 ml ROX Reference Dye II (Takara, Japan), 2 ml 1:4 diluted cDNA template and 0.8 ml primer mixture (for a final concentration of 200 nM for each primer). Thermal cycling was carried out with a 15 s denaturation step at 958C, followed by 40 cycles of 5 s at 958C and 34 s at 608C. Amplification data were collected by ABI PRISM 7500 and Sequence Detection System 2.0 software (ABI). Averages of the triplicate gene expression data were used for statistical analysis. Statistically significant differences (P , 0.05) in gene expression were determined by the Student's test (SPSS11.0 software, Chicago, IL, USA).
Genome methylation assay
Epigenetic stability and methylation status of genes located on either the X chromosome or an autosome were determined by MS-PCR in all cell lines. In this study, the methylation pattern of the promoter region of the XIST gene and imprint control region of the human SNRPN gene were selected. Genomic DNA was extracted and purified according to the Qiagen DNeasy Tissue Kit instructions (Qiagen). Bisulfite conversion of the genomic DNA was accomplished using the EpiTect Bisulfite Kit (Qiagen). The sequence of the primers is listed in Supplementary Table  S1 . Two sets of primers were used to analyze the XIST and SNRPN gene methylation status, respectively. To determine methylated status, primer XIST-M (174 bp product) was used for the XIST gene, and primer SNRPN-M (174 bp product) was used for the SNRPN gene. Unmethylated status was analyzed using primer XIST-U (176 bp product) for the XIST gene and primer SNRPN-U (100 bp product) for the SNRPN gene. Amplification and gel analysis were performed as described (Kubota et al., 1997) . Blood DNA from PWS and AS patients were used as controls for analyzing the methylation status of the SNRPN gene. Human male blood DNA was used as a control for analyzing the methylation status of the XIST gene. Negative controls consisted of amplification reactions without template.
Immunofluorescence of histone H3 lysine 27 trimethylation (H3K27me3)
Colonies of hESCs were fixed in 4% paraformaldehyde for 30 min and rinsed once with a solution containing the following: 20 mM Tris -HCl, 0.15 M NaCl and 0.05% Tween-20. Cells were permeabilized with 0.05% Triton X-100 for 30 min and blocked with 4% goat serum at room temperature for 1 h. A rabbit polyclonal primary antibody was used at a 1:400 dilution (Cell Signaling, USA). Cells were incubated at 48C overnight and were then washed three times with a Tween-BST solution for 5 min followed by 1 h incubation with the secondary antibody (goat anti-rabbit IgG conjugated to fluorescein isothiocyanate) at a 1:100 dilution. The nucleus was stained with a Propidium iodide solution. The cells were washed and examined under confocal microscope.
Results
Characterization and identification of hESC lines
The undifferentiated cells in all six lines showed a high level of alkaline phosphatase activity and strongly expressed the ESC markers, tumorrejection antigen (TRA)-1-60, TRA-1-81 and stage-specific embryonic antigen (SSEA)-4, but not SSEA-1 (data not shown). Analysis of 16 STR loci in these hESC lines showed distinct STR loci for each cell line, indicating that they were derived from different embryos. G-band chromosome analysis showed that FY-hES-7, -8, -10 and -11 had a normal 46,XX karyotype, although FY-3PN had a 69,XXX karyotype and FY-hES-5 had unbalanced Robertsonian translocations with 46,XX,þ13,der(13;13)(q10;q10) (data not shown). All cell lines displayed normal hESC characteristics and had the ability to differentiate. The characteristics of these cells were consistent with our previous report (Sun et al., 2008) .
Heterozygosity of HUMARA gene in hESCs
The polymorphism patterns of the HUMARA gene in female hESCs were analyzed. Of the six investigated cell lines, five (FY-hES-5, -8, -10,-11 and FY-3PN) were heterozygous at the HUMARA locus. These cells have two (diploid cells) or three (triploid cells) different HUMARA allele loci (Fig. 1A -E) . One cell line (FY-hES-7) was homozygous at the HUMARA locus (Fig. 1F) . In order to investigate random versus non-random XCI patterns, only heterozygotes can be used to distinguish the maternal from the paternal copies based on polymorphism of the trinucleotide repeat element at the HUMARA locus (Allen et al., 1992 (Allen et al., , 1994 . Therefore, only five heterozygous cell lines (FY-hES-5, -8, -10, -11 and FY-3PN) were further analyzed for random or non-random XCI pattern.
Different XCI patterns in hESCs
At the undifferentiated stage, all of the diploid and triploid female hESC lines had both active and inactive X chromosome alleles, irrespective of their different passage numbers. In addition, the XCI pattern remained stable after 3, 7 and 20 days of differentiation (Figs. 2, 3 , and data not shown). For skewing XCI analysis, we found that three cell lines (FY-hES-5, -8 and -11) had extremely skewed XCI patterns (only one active and one inactive allele) ( Fig. 2A -F) . One line (FY-hES-10) had a random XCI pattern, possessing two active and two inactive alleles. The peak area ratio between the two active or inactive alleles in FY-hES-10 was almost 50:50 at passage 10 and was 64:36 at passage 30 (Fig. 2G, H) .
A triploid hESC line, FY-3PN, also had a skewed XCI. However, variation in XCI existed in these cells after long-term culture. At passage 10, these cells had three different active or inactive HUMARA loci corresponding to 182 base pairs (bp), 191 and 200 bp copies, respectively. The ratio among these alleles was almost equivalent, suggesting that these cells had a random XCI at early passages. When these cells were cultured long-term in vitro, some variations were observed. At passage 30, the inactive 200 bp allele was smaller than the other two alleles and was undetectable at passage 43. The 182 bp allele also gradually lost methylation status after passage 30. At passage 60, only the 191 bp allele remained methylated, while the other two alleles were unmethylated. These data indicate that these cells have two active X chromosomes and only one X chromosome shows extremely skewed inactivation (Fig. 3) . Blood DNA from a normal female that undergoes a random XCI pattern was used as positive control, and blood DNA from a normal male that has one active X chromosome and lacks inactive X chromosome, were used as negative control (Fig. 2I-L) .
Expression of XCI markers in hESCs
Quantitative real-time PCR was used to detect the temporal expression pattern of the XIST gene in these hESCs at different times following differentiation in vitro. A pair-wise comparison of mRNA levels between undifferentiated cells (day 0) and EBs from different days (days 3, 7 and 20) was made. Female fibroblasts cells were used as the calibrator sample for analysis of XIST expression. Compared with the relative XIST level on day 0, FY-hES-5, -10 and -11 had significantly increased XIST level upon cell differentiation (Fig. 4A -C ), whereas the XIST RNA level in the skewed FY-3PN cells remained the same when cultured from day 0 to day 20. In contrast, the XIST RNA level decreased in FY-hES-8 after 7 days of differentiation (Fig. 4D, E) .
To confirm that XCI was initiated in hESCs at the undifferentiated stage, immunostaining for H3K27me3, another XCI marker, was examined. All the hESC lines had H3K27me3 domains at the undifferentiated stage (green dots). These results further confirmed that XCI was initiated before hESC differentiation (Fig. 5) .
DNA methylation status of the XIST and SNRPN genes Stable maintenance of unmethylated and methylated alleles of the XIST gene promoter region, as determined by MS-PCR, occurred in all of the cell lines irrespective of their different XCI patterns and pluripotent stages. These data further demonstrate that XCI occurred in these cells at the undifferentiated stage and remained detectable during culture in vitro (Fig. 6A) . Both the maternal methylated allele and the paternal unmethylated allele of the SNRPN gene locus were detected in the diploid and triploid cell lines. These data indicate that skewing XCI in the hESCs has no effect on the preservation of normal imprinting patterns in these cells (Fig. 6B) .
Discussion
There is tremendous interest in the use of hESCs in regenerative medicine. However, variation in the epigenetic status of these cells may be a significant hurdle for their clinical application (Allegrucci et al., 2007) . XCI, a process originally hypothesized by Lyon (1961) , is one of the earliest events occurring during preimplantation development. The appropriate initiation and maintenance of XCI is an extremely important factor for embryogenesis and cell function (Tomkins et al., 2002) .
The pattern of XCI in females and female hESCs can be evaluated by several methods. To examine XCI, most researchers focus either on the detection of XIST RNA coating in cis using fluorescence in-situ hybridization (FISH) analysis or XIST RNA expression and immunostaining for H3K27me3 (Plath et al., 2003; Enver et al., 2005) . Although examining XCI by RNA FISH is more direct, DNA methylation of the inactive X chromosome is often used as a surrogate due to the fact that DNA is more easily extracted and analyzed. In addition, analysis of XCI skewing by MS-PCR of the HUMARA gene has become a standard method (Kubota et al., 1999) .
To date, the data available on the XCI pattern in hESCs are diverse. Differences in XCI status in undifferentiated hESCs were reported for different cell lines (Dhara and Benvenisty, 2004; Hoffman et al., 2005) . Previous reports demonstrated that two out of the eleven National Institutes of Health (NIH)-approved hESCs did not initiate XCI upon differentiation (Enver et al., 2005; Hoffman et al., 2005) . Based on XIST expression, another report showed that H9, an NIHregistered female hESC line, underwent XCI only after differentiation (Dhara and Benvenisty, 2004) . Recent research examined nine of NIH approved female hESC lines from multiple sources and demonstrated that over half of the female hESC lines had undergone XCI prior to differentiation (Hall et al., 2008) . Based on XCI pattern by XIST RT -PCR and FISH analysis, hESCs can be categorized into three epigenetic classes (Silva et al., 2008) . Class I hESCs show pre-XCI with the capacity to recapitulate XCI upon differentiation, although Class II hESCs complete XCI during the undifferentiated stage, and Class III hESCs lose the ability to express XIST but undergo XCI. In the present study, six female hESC lines established by our lab were investigated by using MS-PCR. All cell lines possessed both active and inactive alleles in the undifferentiated condition, irrespective of diploid or triploid karyotype. In addition, the XCI pattern remained stable after 20 days of in-vitro differentiation. Our results indicate that all of our cells undergo XCI in early passages prior to differentiation, similar to the Class II and Class III hESCs. No characteristics of Class I hESCs was found in the present study. This finding may be explained by the difference in derivation and propagation of hESCs by different laboratories. Variation in XCI has been reported not only in distinct hESCs but also in subcultures of the same line from different laboratories (Adewumi et al., 2007) . These data suggest that standard criteria for the practical use of hESCs should be established.
To examine XCI skewing, the presence of a polymorphism was required to distinguish the two X chromosomes and to determine which X chromosome is inactive. Therefore, we initially analyzed the heterozygosity of the HUMARA gene. Due to the fact that hESCs are derived from human fertilized oocytes, the heterozygosity between adult females and female hESC lines should be the same. Our results confirm that 83% (5/6) of the hESC lines were heterozygous at the HUMARA locus, which is a similar heterozygosity to adult females (Kubota et al., 1999) . These five heterozygous cell lines were further used to analyze the skewed XCI patterns. A non-random XCI pattern in hESCs was recently reported (Shen et al., 2008) . By analyzing multiple polymorphic cDNAs of X-linked genes, Shen et al. (2008) demonstrated that these polymorphic X-linked genes were monoallelically expressed in populations of H9 and HSF6 female hESCs. These data indicate that XCI in female hESCs occurs in a nonrandom pattern. In MS-PCR results, the common criteria for skewed inactivation is arbitrarily defined as the observation of inactivation of the same allele in 75 or 80% of cells, and extremely skewed inactivation is defined as inactivation of the same allele in 90% or more of the cells (Kubota et al., 1999; Minks et al., 2008) . So if random XCI occurs in the hESCs, there should be two active alleles and two inactive alleles, and the peak area ratio of both active and inactive alleles should be similar or no more than 80:20. Our data demonstrate that although the hESCs were cultured under the same conditions, two different types of XCI patterns could be categorized. Similar to These results indicate that FY-hES-5, -8 and -11 have skewed XCI patterns at very early passages and the skewed pattern remains stable after differentiation. Columns (G) and (H) shows two active and two inactive alleles (191 and 200 bp, respectively) of the HUMARA gene in FY-hES-10. The ratio between the two active or inactive alleles was 50:50 at passage10 and was 64:36 at passage30, which suggests that a random XCI was initiated in FY-hES-10. Columns (I) and (J) show female blood DNA as a control for random XCI (two active and two inactive alleles, 197 and 200 bp, respectively), although (K) and (L) show that male blood DNA has only a 200 bp active allele and no inactive allele is detected.
normal females, one cell line (FY-hES-10) falls into the category of hESCs that undergo random XCI. In comparison, most of the diploid cells (FY-hES-8, -11), including the translocation line (FY-hES-5) and the triploid cell line (FY-3PN) , can be categorized into the second type, which exhibits an extremely skewed XCI pattern. To ascertain whether random or skewed XCI can be maintained during propagation, we examined these cells at different passages and different stages. We demonstrate that the XCI pattern in diploid cells can be inherited stably through subsequent propagation and differentiation. In contrast, the triploid cell line displays variation in XCI pattern (see below).
When the skewed XCI process occurs exactly remains unclear. Shen et al. (2008) demonstrated that female hESCs had completed XCI by moderate passage numbers (passage 20 to passage 30). However, when and how these cells acquired uniform XCI in a nonrandom pattern during the process of derivation and propagation is still unknown. In this study, we found that all cells had already exhibited a random or skewed XCI pattern at very early passage (passage 10). This suggests that the skewed XCI may occur quite early. There are two possibilities for the establishment of skewed XCI in hESCs. One possibility is that some of human embryos used for derivation of hESCs have undergone skewed XCI by chance or have been 'imprinted' at a very early cleavage stage, as seen in the 2-cell stage in mouse embryos (Huynh and Lee, 2003) . Therefore, the skewed pattern may be caused by these limited pools of cells at the time of XCI initiation. The second possibility is that selective pressure leads to a secondary skewed XCI. Our data suggest that a secondary selection XCI pattern may occur under the stressful culture condition of the triploid cell line (FY-3PN) . In these cells, the XCI pattern was almost random at early and moderate passages, as evidenced by the ratio of the three allele peaks being 1:1:1. However, there is an increase in the culture of the number of cells containing the unmethylated two alleles (182 and 200 bp), and at passage 60 both of the two alleles in FY-3PN cells became active. Only an inactive 191 bp allele can be detected after passage 60. These results indicate that in FY-3PN, a skewed XCI pattern occurs after long-term culture.
In the present study, variable XIST expression levels in these skewed cells after differentiation were also found. At passage 60, when the triploid cell line (FY-3PN) reached a skewed XCI pattern, no significant difference of the expression level of the XIST gene was found before and after differentiation. These data indicate that most of these skewed cells have completed XCI prior to differentiation. The increased XIST level upon cell differentiation in FY-hES-5, -10 and -11 cells may be the result of XCI being initiated at the undifferentiated stage but gradually completed upon differentiation. The decreased gene expression observed in FY-hES-8 may be explained by the loss of the XIST expression potential by a portion of the cells. In the present study, we found that some cell lines had higher levels of XIST expression or more extensively stained signal of H3K27me3 than others, and this might be explained by different differentiation capabilities in different lines. Our data suggest that the ability to capture or maintain XCI markers in distinct cell lines may not be equivalent.
It is still unclear why the results for X inactivation in hESC lines are so different. One possibility is that these diversities may depend on the variability in embryo quality or embryo age, or ECS derivation techniques (Hoffman et al., 2005) , because XCI is thought to occur in the human embryo around the blastocyst stage at the time of hESC derivation (Enver et al., 2005) . Therefore, it cannot rule out the possibility that varied time frames in the formation of human blastocysts may contribute to the variation of XCI states in hESCs (Dvash and Fan, 2009 ). Another hypothesis is that these diversities can be contributed by the in-vitro culture conditions. Whether culture conditions have epigenetic effects and influence on hESCs' developmental potential is still unknown. Hoffman et al. (2005) observed that different culture feeders, such as mitomycin C MEFs and feeder-free condition, are not primarily responsible for the differences in XCI. Recent studies demonstrated that different culture parameters, such as trypsin or collagenase enzymatic treatments, did not affect XCI marker expression (Hall et al., 2008; Shen et al., 2008) . However, suboptimal or stressful culture condition may be related to cell adaptation events, such as loss of the XCI marker or aneuploidity which takes place in hESCs over long-term culture (Baker et al., 2007) . Our observations support the possibility that selective pressure may lead to epigenetic fluidity in hESCs, especially in triploid hESCs.
DNA methylation alterations in imprinted genes can be induced by cellular stress (Pantoja et al., 2005) and specific culture conditions (Allegrucci et al., 2004) . In this study, we observed XCI fluidity in a triploid hESC line after long-term culture. Whether the methylation status of XIST gene and imprinted gene which is located on autosome in these skewed cells is influenced by stressful culture conditions is not clear. SNRPN, an important imprinted gene, is located on chromosome 15q11-13. The CpG-sites of SNRPN are methylated on the maternal chromosome and unmethylated on the paternal chromosome (Zeschnigk et al., 1997) . Improper regulation of this gene will result in PWS and AS (Glenn et al., 1997) . Our data demonstrated that XIST and SNRPN genes both had methylated and unmethylated alleles at different passages and after differentiation, indicating that the expression of these two genes is in an appropriate order in these skewed cells.
Skewed XCI in female somatic cells has been found to be associated with various diseases, including premature ovarian failure, spontaneous miscarriage and some cancers (Kristiansen et al., 2002; Bretherick et al., 2005; Ozbalkan et al., 2005) . Whether this skewed pattern has any disadvantage for the clinical use of hESCs is still unknown. Hence, the epigenetic characterization of hESCs should be examined routinely to determine whether they are safe for regenerative medicine. Furthermore, a possible relationship between epigenetic instability and suboptimal culture conditions also needs to be investigated. In addition, the presence of two active X chromosomes in the triploid hESCs could potentially provide a valuable model for studying the mechanism of X chromosome counting.
In conclusion, our results indicate that hESCs have two distinct, extremely skewed and random, XCI patterns. In addition, we also found that triploid hESCs have two active X chromosomes. The XCI pattern of these triploid cells varies gradually and eventually reaches an extremely skewed XCI pattern after a long-term culture. Our results suggest that further investigation is necessary to clarify the diversity of XCI in hESCs, in order to ensure the quality of these cells for regenerative medicine.
Supplementary data
Supplementary data are available at http://humrep.oxfordjournals. org/. (A) MS-PCR of the XIST promoter. The unmethylated product is represented by a 176 bp band and the methylated product is 174 bp. All the cell lines possessed both unmethylated and methylated XIST products at passage 30 and after 20 days of differentiation. Normal human male blood DNA was used as a control possessing only unmethylated and no methylated products. (B) Methylation status of the SNRPN gene in hESCs. The unmethylated allele is indicated by a 100 bp product, and the methylated allele is indicated by a 174 bp product. Blood samples from PWS (174 bp product) and AS (100 bp product) patients are used as controls.
